We report the successful formation of cobalt oxide (Co 3 O 4 ) nanoparticles/multi-walled carbon nanotubes 
Introduction
Transition metal oxides with specic structures have aroused considerable interest for their typical physicochemical properties and compositions. Some transition metal oxides, for instance, SnO 2 , MnO 2 , and ZnO have been widely used in electrochemical elds.
1,2 Lou et al. 3 reported the coaxial SnO 2 nanosphere for lithium storage. The prepared materials had a high capacity of 500 mA h g À1 and stable cyclability. Gao et al. 4 reported the MnO 2 nanoplate for supercapacitor. The fabricated supercapacitor could be reversibly cycled in a wide potential window of 0-2.0 V and exhibited a power density of 1.0 kW kg
À1
and an energy density of 23.2 W h kg À1 . Freire et al. 5 reported the ZnO nanoparticles for electrocatalytic oxidation of phenolic compounds. The synthesized catalytic material demonstrated excellent electrochemical performances. Among various transition metal oxides, cobaltosic oxide (Co 3 O 4 ), a type of signicant transition-metal oxide semiconductors with direct optical band gaps at 2.19 eV, 6 has received intensive concern in electrochemical applications for its unique properties, such as high efficiency, environmental benign nature, nontoxicity, easy to synthesize, and so on. In recent years, Co 3 O 4 based nanomaterials have been widely applied in catalysts, supercapacitors, lithium batteries, and sensors.
7-10 Xu et al. 11 reported Co 3 O 4 nanorod in anion-exchange membrane fuel cells for oxygen reduction process. Xia et al. 12 and Wang et al. 13 synthesized Co 3 O 4 nanowires arrays and coralloid Co 3 O 4 for supercapacitor, respectively. Eom et al.
14 reported 2D porous Co 3 O 4 nanofoils for lithium battery application. Li et al. 15 constructed peanut-like Co 3 O 4 for ethanol and carbon monoxide sensing. However, although there has been extensive research on Co 3 O 4 materials, the practical application of Co 3 O 4 nanostructures as electrode materials remains less utilized for their low electronic conductivities and easy aggregation. 16 An effective method to enhance the conductivity and simultaneously improve the dispersibility is to introduce carbon materials as support materials. MWCNTs, functioned as extremely favorable support materials, make itself an outstanding support material for electrocatalysts with enhanced specic surface area, awesome electron conductivity, excellent chemical inertness and comparatively superior oxidation stability. 
20,21
In the monitoring of environmental pollutants, traditional methods like colorimetry, 22 spectrophotometry, 23 ow injection spectrophotometry, 24 liquid and gas chromatography 25 are complicated, high cost, and narrow linear ranges. Therefore, facile and effective analytical approaches capable of tracing the concentration of chemicals are always required. Up to date, the electrochemical method has been considered to be promising because of their cost-effectiveness, increased efficiency, high sensitivity, and ease of operation. The electrochemical behavior of chemicals is susceptible to the electrode surface structure. One problem for most electrodes is the large over-potentials during the direct oxidation of chemicals. 26 The electrooxidation of chemicals on glassy carbon electrodes shows slow kinetics due to its high over-potentials. 27 To overcome this drawback and simultaneously accelerate the electron transfer rate, some transition metal oxides like Co 3 O 4 can be utilized for the optimization of the electrode surface.
At present, the development of hydrazine and glucose sensors is of great signicance in a wide range of applications, particularly in environmental monitoring, energy conversion, blood glucose testing, and pharmaceutical analysis. [28] [29] [30] [31] [32] Therefore, in this paper Co 3 O 4 nanostructures and MWCNTs were both use as the electrode materials for the formation of hydrazine and glucose sensor. The results showed that the fabricated hydrazine sensor achieved such a high sensitivity of 120.26 mA mM À1 , which is higher than the reported Co 3 O 4 / MWCNTs based sensor in hydrazine detection. and subsequently dried in the oven at 80 C for 5 h to attain the nal product. For comparison, the pure Co 3 O 4 nanoparticles were also fabricated in the same way without MWCNTs.
Experimental

Electrode preparation
Prior to test, the glassy carbon electrode (GCE) was polished sequentially with 1.0, 0.3 and 0.05 mm alumina powder, respectively, and carefully washed using deionized water and ethanol thoroughly before use. The Co 3 O 4 /MWCNTs/GCE was attained by dropping 5 mL of the Co 3 O 4 /MWCNTs composite dispersion (5 mg mL À1 ) onto the pure GCE surface, and an infrared lamp was used to evaporate the residual solvent.
Samples characterisation
X-ray diffraction (XRD) spectra were explored on a Shimadzu XRD-7000 diffractometer in the 2q range of 10-70 using Cu Ka radiation with a scanning rate of 2 min À1 . Transmission electron microscopy (TEM) images were gained by JEOL JEM 2100. Field-emission scanning electron microscopy (FESEM) images of samples were acquired on JEOL JSM-6701F microscope. N 2 adsorption-desorption isotherms were measured on a Bulider SSA-7000 system, and the sample was degassed at 220 C for 4 h before the test. Raman spectrum was examined by Renishaw inVia in the range of 200-2000 cm À1 . Electrochemical experiments were carried out on a CHI660e electrochemical workstation (CH Instruments Company, Shanghai, China) using a conventional three-electrode system. The modied glassy carbon electrode (F ¼ 3 mm) served as the working electrode, while the platinum wire and saturated calomel electrode were adopted as the counter and reference electrodes, respectively.
Results and discussion
3. 
where K refers to a constant (ca. 0.9), l represents the X-ray wavelength (0.1542 nm), q is the Bragg angle, and b refers to the full width at half maximum in radiations, i. were successfully fabricate, without any other impurity phases. MWCNTs and Co 3 O 4 /MWCNTs composites were further characterized using Raman spectroscopy in the range from 300 to 2000 cm À1 . In Fig. 1(b The morphology of Co 3 O 4 /MWCNTs composites were then investigated by FE-SEM analysis. Fig. 1(d) Fig. 1(e) and (f), respectively. The Co 3 O 4 nanoparticles were in small size and the prepared MWCNTs were long in length and thin in diameter, and formed strong intertwined entanglements with a three-dimensional network structure.
The morphologies of MWCNTs and Co 3 O 4 /MWCNTs composites were also characterized using TEM analysis. The TEM images of MWCNTs with various magnications indicate that MWCNTs were long and thin, with the diameter of nanotubes ranging from 8.0 to 11.3 nm, as shown in Fig. 2(a and b) . To explore the porosity and the specic surface area of Co 3 O 4 /MWCNTs composites, the N 2 adsorption-desorption measurement was conducted. Fig. 3(a) exhibits an adsorptiondesorption isotherm of typical V with an obvious H3 type hysteresis loop. Fig. 3(b) displays the pore size distribution curve, with one intense peak at 2.2 nm and another broad peak at around 15.1 nm. The former peak is attributed to Co 3 O 4 , while the latter is assigned to the multi-walled carbon nanotubes. The specic surface area of Co 3 100 kHz with the potential amplitude of 5 mV. Fig. 3(c 
Electrochemical determination of hydrazine
The as-fabricated Co 3 O 4 /MWCNTs composites were then applied in the electrochemical hydrazine detection, and the electrochemical performance towards the hydrazine detection was essentially implemented by the cyclic voltammetry (CV). Fig. 4(a) For bare GCE, it is obvious that there was no redox peak in the potential range of 0 to 0. 
With addition of hydrazine, the oxidation of hydrazine and the reduction of CoO 2 occurs simultaneously. CoO 2 as an intermediate can produce CoOOH, which increases the quantity of CoOOH for further oxidation, leading to an increased anodic current (eqn (4)).
To evaluate the electrochemical kinetics of the Co 3 O 4 / MWCNTs modied electrode, the effect of scan rate on the oxidation peak current along with the peak potential has also been investigated, respectively. Interestingly, a pair of redox peaks corresponding to the reversible transition between CoOOH and CoO 2 was distinctly observed. Moreover, the oxidation peak presented a small and gradual shi, and the peak current intensity elevated gradually with increasing scan rates. The oxidation peak currents are directly proportional to the square root of the scan rate up to 0.1 V s
À1
, as shown in the inset of Fig. 4(b) . The linear equations can be dened as
The negative intercept reveals that the electrode reaction is not a single diffusioncontrolled process. The negative intercept from the plot of the peak current versus the square root of the scan rate can be explicated as the adsorption of the N 2 H 4 molecule aer diffusion to the electrode surface. 40 The total number of electrons involved in the reaction process can be calculated by the Randles-Sevick equation, as shown in eqn (5), 41, 42 where I p represents the oxidation peak current, n represents the number of electrons participating in the redox reaction, A refers to the electroactive surface area of the electrode (cm 2 ), D refers to the diffusion coefficient of hydrazine in the solution (cm 2 s À1 ), C is the concentration of hydrazine in the bulk solution (mol cm À3 ), and n represents the scan rate (V s À1 ). The number of electron transfer was found out to be 4 corresponding to the reaction eqn (6) .
To further investigate the sensing performance, amperometric response of the fabricated hydrazine sensor is conducted at 0.502 V. Fig. 4(c) shows that the current curve displays a constructive promotion and reaches 95% of the steady-state current in less than 5 s upon the addition of hydrazine step by step. The response is much faster than the reported Co 3 O 4 / GCE ( Table 2 ). The fast current response may be attributed to the conductive frame network provided by MWCNTs. The produced electron can transfer more easily and the diffusion of reactants can be enhanced as well in the presence of MWCNTs. Fig. 4(d) shows the typical corresponding calibration of the hydrazine concentrations versus current in a wide liner range from 1.0 mM to 187.4 mM. Notably, the low concentration points can be well tted with the high concentration points. The linear regression equation can be described as I p (mA) ¼ 120.26C (mM) + 4.313 (R 2 ¼ 0.999). The sensitivity attained from the slope is found to be 120.26 mA mM À1 . The high electrocatalytic response observed from Co 3 O 4 /MWCNTs correlates well with the large specic surface area, tremendous site accessibility and low mass-transfer resistance for hydrazine.
To calculate the limit of detection (LOD), the standard approach recommended by International Union of Pure and Applied Chemistry (IUPAC) is utilized, as shown in eqn (7), where N is the noise of the blank solution and S represents the slope of the calibration curve. The detection limit is calculated to be 0.449 mM. A summary of the Co 3 O 4 modied electrodes towards the electrocatalytic oxidation of hydrazine is listed in Table 2 . It is noteworthy that the introduction of MWCNTs greatly enhanced the sensitivity and relatively lowered the detection limit which may be abscribed to the synergic effect between Co 3 O 4 and MWCNTs towards the electrooxidation of hydrazine.
Selectivity is another key factor to measure the sensor performance. Hydrazine, as one of strong reducing agents, is widely used as an oxygen scavenger for corrosion control in boilers and hot-water heating systems. 43 In the wastewater of boilers and hot-water heating systems, Na + , SO 4 2À , K + , NO 3 À , NH 4 + , Cl À , and tap water are parts of the most common compositions. 44 These compositions are considered as the interferents that may affect the detection of hydrazine. 45 In this work, besides these inorganic interferents, other active chemicals such as NO 2 À , fulvic acid and humic acid were also used to test the selectivity of the fabricated Co 3 O 4 /MWCNTs/ GCE towards hydrazine. Fig. 5 
Electrochemical determination of glucose
The prepared Co 3 O 4 /MWCNTs hybrid materials were also applied for the electrocatalytic glucose determination. Fig. 6(a 
À1
The investigation of the catalytic kinetic of glucose oxidation was then conducted by examining the impact of scan rate on the current response in the presence of 1 mM glucose. Fig. 6(b) shows that the oxidation peak currents were signicantly elevated with increasing scan rates (from 0.01 to 0.09 V s À1 ), implying that the oxidation of glucose is a surface-controlled electrochemical process. 46 The amperometric response of the Co 3 O 4 /MWCNTs/ GCE for the successive addition of glucose at applied potential of 0.518 V was also recorded in detail. Fig. 6(c) exhibits the amperometric response of Co 3 O 4 /MWCNTs towards the step injection of glucose. The oxidation peak current was increased linearly with elevating glucose concentration in the range of 1.70-554 mM (Fig. 6(d) ) with a correlation coefficient of 0.998. The detection limit calculated by the abovementioned method turns out to be 0.95 mM and the sensitivity obtained from the slope is found to be 63.27 mA mM
. To estimate the reproducibility of the modied electrodes, seven electrodes (denoted as ME1 to ME7) were prepared in parallel. Fig. 7(a) demonstrates the peak currents of these seven modied electrodes measured at 0.518 V. The relative standard deviation value is 7.73%. Meanwhile, the stability was studied subsequently by evaluating the peak current response of Co 3 O 4 / MWCNTs/GCE in 1 mM glucose solution aer being stored in ambient air conditions for 36 hours. Fig. 7(b) shows that negligible difference can be observed even aer 50 cycles. Moreover, aer being stored for 36 hours, the peak current can still maintain 93.4% of its initial response. These results indicate that the fabricated glucose sensor is reproducible and quite stable. 
Conclusion
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